ABSTRACT: A large number of hip prosthesis with different designs have been developed. However, the influence of hip implant design changes on the strains induced in the bone remains unclear. The purpose of this study is to better understand the mechanics of short stem total hip arthroplasty. Specifically, it investigates whether strain shielding can be avoided by changing implant shape and/or material properties. It is hypothesized that the re-design of existing implant designs can result in further reduction of strain shielding and thus keep bone loss minimal following total hip replacement. Finite element methods were used to compare healthy and implanted models. The local mechanics strains/stresses in the intact and implanted femurs were determined under patient-specific muscle and joint contact forces. Results suggest that small changes in implant geometry and material properties have no major effect on strain shielding. Furthermore, it was found that improvement depends on a dramatic re-design of the original implant design. Whereas the benefit of this strategy of modification of the original geometry of a given short-stemmed hip consists in reduced bone remodeling, care should be taken with regard to long-term bone anchorage and implant fatigue strength. It is also shown that geometrical and material changes have a limited potential in avoiding strain shielding even in short-stemmed implants. Finally, it is suggested that an understanding of the influence of these changes on the strain distribution within the bone can guide in the process of optimizing the current stem designs toward minimal strain shielding effects. ß
Total joint replacement in general, but in particular at the hip, has become a common surgery in patients below the age of 60 due to reduced mobility, overweight, or intensive sport activities. 1 A 175% increase in the current number of patients undergoing total hip replacements (THR) is expected in the next 15 years in the United States. 2 While the implant design problem is much more complex than 20 years ago because of longer life expectancy, increasingly complex demands in terms of loading conditions and more active lifestyle, loss of bone stock caused by remodeling as well as revision surgery is becoming an increasing concern. 1, 3, 4 Previous studies have reported evidence of periprosthetic bone remodeling response after the implantation of a hip prosthesis. 5 The implantation of a hip prosthesis significantly alters the internal mechanical conditions within the femur and leads to a periprosthetic bone remodeling response. [5] [6] [7] Bone loss was found especially in the proximal Gruen zones, 8 which are critical for primary implant stability as well as longterm stability. 3 An alteration of bone mineral density (BMD) in the proximal region of up to À23% after 3 years has been reported for proximally anchoring implant designs. 9 Unfortunately, such loss of bone stock not only puts the current implant at risk under intensive loads but also reduces the available mechanical stability for any later revision surgery. 1 Short stem implants designed to minimize stress shielding are supposed to prevent bone loss in the proximal femur. 10, 11 Ideally, short stem implants should keep a physiological load transfer, withstand torsional as well as axial loads and any micromovement to fast primary fixation and secondary bone anchorage; therefore, the bone stock surrounding an implanted femoral stem would not diminish due to remodeling if the mechanical environment at the proximal femur that closely resembles the intact state is determined. 12 However, that does not seem to be the case with current short stem designs since many studies have reported significant bone loss for patients with short stems. 3, [13] [14] [15] [16] In addition, optimization algorithms have been previously used to analyze the remodeling response of several long stem hip implant designs. [17] [18] [19] [20] [21] [22] [23] However, there is still not a clear understanding of the influence of short stem designs on the mechanics of the bone. 24, 25 The aim of the present study is to investigate whether strain shielding could be avoided using a systematic approach to introducing changes in implant shape and/or material properties. It is hypothesized that re-design strategies for existing implant designs could result in further reduction of strain shielding and thereby define conditions that allow keeping bone loss minimal in the proximal bone following THR.
MATERIALS AND METHODS
To derive a set of validated muscle and joint contact forces representative of patient activities such as walking and stair climbing, we used a musculoskeletal modeling approach 26 based on in vivo hip contact force measurements in 10 patients. 27 We also used finite element (FE) numerical modeling techniques to determine the strain distributions within an intact femur and a femur after THR surgery. For this systematic design analysis, we selected an established short stem implant design (Nanos 1 short stem, Smith & Nephew, London, UK).
Intact Femur and Hip Implant Geometry
A representative three dimensional (3D) geometry of a right femur was selected out of a larger study of 100 patients who underwent a total hip arthroplasty (THA) in our clinic. 28, 29 In that study, proximal bone remodeling was analyzed using combined quantitative computed tomography (QTC) and bone remodeling analysis techniques. 28, 29 The selected bone represented a female patient with mean bone distribution. Bone geometry was reconstructed from computed tomography (CT) clinical images (ZIBAmira 2013 and Geomagic Studio 10). Using image segmentation techniques, the bony geometry was extracted from the CT data set.
The current study uses the ABAQUS v6.12 commercial software to virtually implant into the patient femur geometry a 3D solid model of the short stem Nanos 1 hip implant (Smith & Nephew). 30 Two FE models were developed: one of the intact bone and one of the implanted bone. Here, all data of the THA bone are presented in reference to the intact bone. For THA, the femoral head was virtually removed according to producer guidelines using a resection plane within the femoral neck. The implant was aligned according to standard surgical procedures such that the joint center was unchanged relative to the intact condition.
FE discretization was performed on meshes of approximately 180,000 second-order ten-node tetrahedral elements per model with a typical edge length of 2 mm and approximately 210,000 coincident nodes at the bone-stem interface. Sensitivity analyses were performed to choose the definitive mesh size. The element size was decreased until convergence, that is, until a change of no more than 5% in the predicted strains within the femur was achieved.
Material Model and Boundary Conditions
The femur was modeled as linear elastic and heterogeneous material. The distribution of material properties (Young's modulus) was derived from the Hounsfield Unit (HU) values of the patient-specific CT scan data (Fig. 1) . For that purpose, a calibration phantom consisting of five mixtures of calcium carbonate and polymer with known densities 31 was used. This phantom was recorded at the same time as the acquisition of the patient-specific CT.
The BMD of each bone element, which represents the ash density, was determined from the linear regression equation derived by relating the HU value of the phantom to its equivalent ash density. The heterogeneous properties of the bone were defined by mapping the BMD of each bone element to its elastic modulus following Morgan et al., where E is the Young's modulus of the bone in GPa and r app represents the apparent density of the bone measured in g/cm 3 . The apparent density was converted from BMD using a constant r ash /r app ratio of 0.6. 32 The Poisson coefficient was set to 0.3 for the whole bone. 33 An in-house algorithm was written in MATLAB to assign a specific Young's modulus, density and Poisson coefficient to each element of the model based on the patient-specific CT data.
The short stem hip implant, manufactured from titanium alloy, was considered to possess linear elastic and homogeneous material properties with a Young's modulus of 110.3 GPa and a Poisson's ratio of 0.33.
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Physiological boundary conditions (BC) were computed from musculoskeletal modeling 26 and balanced 34 such that reaction forces at the constrained nodes were minimized. 14 The femur was constrained on three nodes positioned on the lateral distal condyle and on the hip and knee joints 14 ( Fig. 1b) . The in vivo patient-specific muscle and joint contact forces were derived from the patient's walking gait cycle using a previously validated musculoskeletal model 35 (see Fig. 1c ). These were measured at the implant neck using a telemetric implant. 27 Therefore, we applied the loads at the implant neck for the implanted model and at the same node, even if located inside of the femur, for the healthy model. In a preliminary analysis, the bone strain distributions along the full gait cycle considering both the forces and moments taking place were obtained for the healthy and implanted femurs (see Supplementary Fig. S3 ). It was observed that the femur remained practically undeformed until 15% of the gait cycle. The greatest strains occurred from 25% to 45% of the gait analysis (peak values of the cycle). After that, the femur was unloaded and the strains were practically negligible. The highest strain values were determined at 45% of the gait cycle. Therefore, hip joint and muscle contact forces occurring at 45% of the gait cycle were applied in the strain analyses performed in this study. Muscle forces were applied at the attachment site on the femur outer surface. The contribution of every muscle as well as gravity forces were included. Figure 1 shows the joint loads applied in the healthy and implanted models. The mesh is the same for healthy and implanted models, therefore, material properties, boundary conditions, and loads are identical in both cases. The FE analyses were performed with the commercial software ABAQUS v6.12 using the non-linear solver.
Analyses of Proximal Strain Shielding
The changes in the strain distribution due to short stem prosthesis implantation were investigated to explore the remaining strain shielding effects in the existing design. First, the strain distribution of the femur with different implant sizes was studied in order to assess the influence of the implant size on the proximal strain shielding. Considering the dimensions of the patient-specific femur used in this study and the availability of NANOS 1 hip implant sizes, three implant sizes (sizes 1-3) were recommended by clinicians as possible best hip implant candidates. Smith & Nephew provided 3D/CAD data for 10 different sizes of endoprostheses whose dimensions gradually increase from size 0 to 9. After that, several strategies were compared in their potential to achieve a more physiological strain distribution with reduced strain shielding. The strain differences between the modified implant and the intact femur models were quantified. Once the differences for the original implant design were obtained, they were classified in four groups with the same number of elements; this corresponds to the four statistical quartiles which were named as small, medium, high, and very high differences to the intact situation for first, second, third, and fourth quartile, respectively. In addition, the results were analyzed according to the system defined by Gruen et al., 8 which consists of dividing the femur areas around the implant in seven regions of study. The studied strategies are detailed below.
First, based on previous studies showing reduced strain shielding in implants made of softer materials, 24, 25 the hip implant elasticity (Young's modulus) was gradually reduced in steps of 5% from the original value until 65%; while the Poisson's coefficient remained constant (n ¼ 0.33). For comparison, implant material properties were also set to those of cortical (E ¼ 10 GPa) or even polyethylene (E ¼ 2 GPa). For the sake of simplicity, only the results for a 25% and 50% reduction in the implant material properties together with the cases in which the implant was considered to have properties similar to bone or polyethylene, were reported here. However, the results of the whole study were included as supplementary data.
Next, variations of the hip implant geometry were systematically analyzed. Figure 2 summarizes Fig. 2 ) was reduced and increased 3 mm. Case 3: The implant was lightened up in order to increase its flexibility leading to a more physiological bending. This strategy was applied for both sagittal and coronal sections of the hip implant. In addition, the influence of the cut size was assessed. For this purpose, the model was sectioned in the sagittal direction with two different section sizes (cuts of 40% and 20% of the section of the stem). 
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CILLA ET AL. Table 1 summarizes the key differences among the investigated models. White cells correspond to the generic model described in the Materials and Methods section. The features which were modified for each specific strategy are shown in bold.
RESULTS
Strain Shielding in the Proximal Region of the Nanos Implanted Femur The Nanos 1 implant showed strain shielding, especially in the proximal region (Fig. 3) . A reduction of the strains of up to 600 m strain could be observed in the proximal lateral aspect of the bone. In the medial aspect of the bone, a small region was found where the strains in the implanted bone were higher than in the intact femur (Fig. 3) .
Implant size did not have any effect on strain shielding (Fig. 4) . The analysis demonstrated similar reductions of the strains (in the proximal part of the femur) with small and large implant sizes.
Influence of Implant Elasticity on Strain Shielding
Reducing the Young's modulus of the implant led to a decrease in strain shielding; however, not even when bone properties were used as material properties for the implant could shielding be removed completely (Fig. 5a ). The percentage of elements with high strain differences decreased as the elasticity decreased (Fig. 5b) . However, it can be observed that even with bone or poly material properties for the hip implant, strain differences between the implanted and intact femur are not completely zero. Figure 5b shows the percentage of elements with small, medium, high, and very high strain differences between the healthy and implanted models considering different material properties only for the Gruen zone 1; however, the same tendency was obtained in the other regions (data not shown).
Influence of Changes in Implant Geometry on Strain Shielding
Decreasing the proximal cross section of the implant led to a decrease of strain shielding of up to 30% in Gruen zone 6 (Fig. 6) ; however, no improvement was achieved in Gruen zone 1 (Fig. 6) , which is the area with greatest strain shielding according to Figure 3 . By contrast, when the proximal section of the implant was increased, strain shielding increased in all Gruen zones.
Changes in the intermediate hip implant section size did not lead to any improvement (Fig. 7) . On the contrary, an increase was observed in some regions (up to 19% in Gruen zone 6; see Fig. 7 ). For Gruen zones R2, R5, and R6, both an increase and a decrease of the intermediate cross section size of the implant led to higher strain shielding compared with the original implant. This is due to the fact that an increase of the intermediate cross section can result in an increase of the stiffness of the implant, Lightening up of the implant through coronal and sagittal cut sections led to reductions of strain shielding in all Gruen zones (Fig. 8) . Improvements of 17% and 11% were achieved for sagittal and coronal cut sections in Gruen zone 1, the region with the greatest strain shielding, whereas a 35% improvement was achieved in region R6 (Fig. 8) . A sagittal cut section was more effective in R1 and R7, while a coronal cut section was more effective in the other regions.
The size of the cut had an influence on the amount of strain shielding, with a bigger cut strongly related to increased reductions in strain shielding. A 17% and 7% improvement was achieved in R1 for 40% and 20% sagittal cut sections, respectively (Fig. 9) .
To assess how the new designs hold up against the original design in terms of their ability to safely carry the applied loads and their resistance to fatigue failure, the Von Mises stress and strain distributions of all implant designs were analyzed (see Supplementary data). Similar contour maps were obtained for all cases of designs. The Von Mises stress was always lower than the yield strength of the titanium alloy in all designs, suggesting no plastic deformation of the implant. In terms of resistance to fatigue failure, the admissible strain, defined as the ratio between the yield strength and the Young's modulus, 36 was lower than the maximum strain in all implant designs.
DISCUSSION
This paper has investigated whether proximal strain shielding after THR could be minimized by means of re-designing an existing short stem implant. The empirical evidence provided here is based on two comparable FE models (i.e., one of the intact bone and one of the implanted femur) and it has important consequences for studies that examine loss in proximal bone stock after total joint replacement surgery.
In this study, FE techniques were used to determine the local mechanical strains under physiological patient-specific muscle and joint contact forces 35 in the intact and implanted femurs. The data presented here demonstrate that even though the implant was sensitive to changes in geometry and material properties, strain shielding and the proximal unloading of the femur occurred even when using a short-stemmed implant (Fig. 3) . Whereas this implies that the current short stem implant could be definitively re-designed in order to achieve mechanical conditions within the femur which are closer to the physiological intact bone, it is also important to consider that fully Figure 6 . Percentage of elements with small, medium, high and very high strain differences between the healthy and implanted models, in the seven Gruen zones. The implanted models correspond to the original Nanos implant and implants with bigger and smaller top cross sections. 
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physiological load transfer in an implanted femur could not be achieved. It is also important to emphasize that the study design took into account patient-specific loading conditions derived from a validated musculoskeletal model. 35 Whereas a number of authors have demonstrated the importance of accurate muscle and joint contact forces for simulating the loading conditions in the proximal femur either in experimental set-ups with varying complexity 37 or in numerical and computational analyses, 35, 38, 39 the loading employed in FE analyses of the femur have in most studies been simplified to a hip contact force 38 or the applied loads were not previously validated. Here, we used boundary conditions which produce physiological deflection of the femoral head under demanding loading conditions 34 since it has been previously shown that the use of non-physiological boundary conditions produced non-physiological deflections of the femur and altered the strain patterns on the cortex. 34 Along the same line, many of the FE studies investigating strains within the femur 14, 39, 40 only take into account two bone material properties, namely cortical and cancellous bone. Because Taddei et al. 41 showed that the use of heterogeneous material properties has a significant influence on the predicted bone tissue strains, our computer models satisfy this requirement using patient-specific material distributions obtained from patient-specific CT-scan data. While several studies investigated the influence of the density-Young modulus relation on the mechanical behavior of the femur, Helgason et al. 31 in their review on the relationship between bone elasticity and bone density concluded that the density-elasticity relationship should be derived from the same anatomical site on which the FE analysis is planned using a well-reported and accurate testing protocol. Considering this hypothesis, here the BMD of each bone element was mapped to its elastic modulus to define the heterogeneous properties of the bone using the relationship derived for the femur by Morgan et al. 32 Taken together, this design certainly strengthens the validity of the present study.
Because variation in material properties could be influential in femoral strain shielding, our study Figure 9 . Percentage of elements with small, medium, high, and very high strain differences between the healthy and implanted models, in the seven Gruen zones. The implanted models correspond to the original Nanos implant and lightening up implants with two different sagittal cut section sizes.
STRAIN SHIELDING FOR HIP ARTHROPLASTY
focused on finding the influence of material properties (elasticity) of the hip implant. In fact, Huiskes et al. 42 who studied the effect of hip stems made of flexible materials on stress shielding, showed that flexible stems reduce stress shielding and bone resorption. In our comparison of the differences in strains between implanted models with different material properties of the short stem implant and the healthy femur, elasticity of the implant was one of the key parameters that indicated that the strain shielding in the proximal zone is reduced as Young's modulus of the prosthesis decreases (Fig. 5) . Although it was clear that polyethylene could not be used as the bearing material as the inevitable use of a large femoral head size would lead to excess polyethylene debris, osteolysis, loosening and collapse of femoral head, taken together our data allow for a better understanding of the biomechanics of short stem prosthesis and provide some guidelines for a potential improvement in the design of the hip implant. In addition, since even the models with implant material properties lower than the intact femur show strain shielding effects, this suggests that the geometry of the short stem would need to be revised to avoid shielding effects.
Proposing that variation in material properties is influential in femoral strain shielding does not dismiss the geometry of the short stem to be unimportant. A recent study by Zeh et al. 16 reported bone remodeling results following Nanos 1 short stem implantation. A significant and constant decrease of BMD was observed from the DEXA scan preoperatively and postoperatively at 3 months and 1 year on average, in Gruen zone 1, 6, and 7. Interestingly, we found differences of strains between the implanted and intact femur in the same Gruen zones, that is 15%, 15%, and 12% for Gruen Zones 1, 7, and 6, respectively. While consistent with previously reported results, the analysis presented here goes a step further to quantify the reduction in strain shielding. The strains on the cortical surface reported in Speirs et al., 14 who compared a femur and a short-stemmed implant FE model of the Nanos 1 implant, were reproduced. In all their implanted models, characteristic proximal stress shielding, indicated by a decrease in strain energy density of up to 5.4 kJ/m 3 (69%) compared to the intact femur, was obtained. Our model reproduces the strains on the cortical surface that they reported.
In the literature, it is uncertain how hip implant performance is associated with design. For instance, Tanino et al. 17 found that decreasing the medial width of the mid-cross section decreased the stress in the distal part, but it should be noted that the importance of this finding is arguable, since the final optimum shape was obtained by increasing this parameter. Similarly, Crowninshield et al., 18 found that increasing the cross-sectional size of the stem significantly decreased the stress in both the stem and the cement, but only following dramatic cross-section modifications. Due to the original geometry of the Nanos 1 hip implant used in the present study, a greater reduction was not possible in our analysis. However, we found that small modifications of the hip implant towards a reduction or increase of the implant top and intermediate cross sections produced small improvements, even though they did not significantly improve strain shielding in the most proximal region (Figs. 7 and 8 ).
It is strategies that light up the hip implant that showed a significant improvement of up to 35% (Fig. 8) , even with a small cut section (Fig. 9) . In addition, a sagittal cut of the hip implant section was revealed more effective than a coronal one. Our results agree with those of Schmidt and Hackenbroch 43 who showed that the Cenos hollow stem (Artos) reduces stress shielding in the intertrochanteric region and reduces bone remodeling at the distal tip after implantation of a cementless stem in the femoral canal. Moreover, Gross and Abel 44 achieved a 22% reduction in stress shielding with linearly tapered hollow stems, even though the gains of these theoretically optimized designs dropped off rapidly further down the stem. However, this certainly deserves further confirmatory studies, since a complete prevention of stress shielding of the calcar region and the major trochanter has so far not been achieved.
Finally, some limitations of the current study should be acknowledged. First, even though only walking was considered as the applied load to the FE model used in the present study, other demanding activities such as stair climbing or stumbling should also be investigated. Second, because the model we used consists of a representative femur with a mean bone distribution, absolute strain levels in another human femur geometry may vary somewhat from those found in this study. However, the femur geometry and the applied material properties should have little influence on the relative results presented in this study. In fact, Weinans et al. 45 suggest that although the choice of input parameters of FE models can substantially affect strain shielding in an individual, this choice had virtually no effect on the relative differences in femoral periprosthetic strain shielding between individuals. Third, because the interface between the implant and bone was simplified and the implant was assumed to be fully integrated, the implant-bone interface conditions on the load transfer to the proximal femur were neglected. Fourth, although the hip implant position was supervised by experts of our clinic, it is likely that small changes in the hip implant position produce slightly different strain patterns. Fifth, since the articular cartilage was not modeled for the intact bone and we applied a concentrated load at the femoral head, this is expected to influence the strain distribution close to the applied load. Finally, a frictionless node to node tie contact was defined as interface boundary condition between the bone and the hip implant. The inclusion of a friction interface condition or inclusion of residual strains at the interface due to an initial press-fit could slightly modify the strain patterns obtained at the bone-implant interface. However, based Viceconti et al. 46 who showed that frictionless node to node tie contact elements successfully capture the overall deformation of the bone, we hypothesized that even though small differences in the strain distributions at the bone-implant interface can be expected, strains far from the interface should not change significantly. Further, since most of the strain shielding occurs far from the implant, it was deemed that including frictional interfaces will not influence the conclusions of the study regarding the different design strategies to reduce strain shielding. A word of caution is perhaps relevant at this point. The micro-movements predicted by these models should be considered only as a rough approximation.
In conclusion, our study clearly indicated that small changes in material properties did not have a major effect on strain shielding. In general, small geometrical changes will have only a very limited effect on strain shielding. Our results indicate that a substantial re-design of the implant would be required to obtain improvement. However, since this strategy would dramatically modify the original geometry of a given short-stemmed hip implant, care should be taken with respect to long term bone anchorage and implant fatigue strength. 47 The data presented within this study leave the question open with respect to the optimal range of material properties and implant geometry that will minimize strain shielding effects post-implantation.
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